In Campylobacter jejuni, the PglB oligosaccharyltransferase catalyzes the transfer of a heptasaccharide from a lipid donor to asparagine within the D/E-X 1 -N-X 2 -S/T sequon (X 1,2 ≠ P) or releases this heptasaccharide as free oligosaccharides (fOS). Using available crystal structures and sequence alignments, we identified a DGGK motif near the active site of PglB that is conserved among all Campylobacter species. We demonstrate that amino acid substitutions in the aspartate and lysine residues result in loss of protein glycosylation in the heterologous Escherichia coli system. Similarly, complementation of a C. jejuni pglB knock-out strain with mutated pglB alleles results in reduced levels of N-linked glycoproteins and fOS in the native host. Analysis of the PglB crystal structures from Campylobacter lari and the soluble C-terminal domain from C. jejuni suggests a particularly important structural role for the aspartate residue and the two following glycine residues, as well as a more subtle, less defined role for the lysine residue. Limited proteolysis experiments indicate that conformational changes of wildtype PglB that are induced by the binding of the lipid-linked oligosaccharide are altered by changes in the DGGK motif. Related to these findings, certain Campylobacter species possess two PglB orthologues and we demonstrate that only the orthologue containing the DGGK motif is active. Combining the knowledge gained from the PglB structures and mutagenesis studies, we propose a function for the DGGK motif in affecting the binding of the undecaprenylpyrophosphate glycan donor substrate that subsequently influences N-glycan and fOS production.
Introduction
Asparagine-(N)-linked protein glycosylation is one of the most prevalent protein modifications in eukaryotes. It involves transfer of sugars from nucleotide-activated sugar donors onto the dolicholpyrophosphate lipid at the cytoplasmic side of the endoplasmic reticulum (ER) (Burda and Aebi 1999) . The partially assembled glycan is flipped to the lumenal side of the ER membrane by an adenosine triphosphate (ATP)-independent flippase where additional modification of the glycan occurs before it is transferred from the lipid carrier to asparagine residues in the N-X-S/T (X ≠ P) sequon of protein acceptors by the oligosaccharyltransferase (OTase) complex (Helenius et al. 2002; Marshall 1972) .
In yeast, the OTase is a multimeric enzyme that consists of at least eight different transmembrane protein subunits, each of which is required for enzymatic activity and where the STT3 subunit is the catalytic center (Yan and Lennarz 1999) . In lower eukaryotes, such as Giardia and kinetoplastids, the OTase is composed of a singlepolypeptide membrane protein that consists of STT3 alone (Kelleher and Gilmore 2006) . The genomes of Trypanosoma brucei and Leishmania major reveal the presence of three and four STT3 paralogous genes, respectively Ivens et al. 2005) . Homologous processes of N-linked protein glycosylation have been found outside of the Eukaryotic domain, in both Archaea and Bacteria (Mescher and Strominger 1976; Szymanski et al. 1999) . Similarly, the OTase from the thermophilic archaeon, Pyrococcus furiosus, is also composed of the STT3 protein alone and is capable of transferring glycans onto peptide acceptors (Kohda et al. 2007 ).
The bacterial process of N-glycosylation shares many features with its eukaryotic and archaeal counterparts, but significant differences exist. In Campylobacter jejuni, N-glycosylation is coupled to general secretion-mediated translocation to the periplasm (Silverman and Imperiali 2016) . In this process, nucleotide-activated sugars are synthesized in the cytoplasm and assembled onto an undecaprenylpyrophosphate-linked carrier forming a heptasaccharide at the cytoplasmic side of the inner membrane, where they are then translocated to the periplasm (Alaimo et al. 2006; Linton et al. 2005 ) and subsequently transferred from the lipid carrier to asparagine residues within the extended D/E-X 1 -N-X 2 -S/T consensus sequence, where × 1 and × 2 are any amino acids except proline (Kowarik et al. 2006 ). The central enzyme responsible for the transfer reaction is PglB, the OTase encoded by the protein glycosylation (pgl) locus (Szymanski et al. 1999 ). The C. jejuni pgl gene cluster contains all of the genes necessary for the N-glycosylation process, and can be functionally reconstituted into Escherichia coli to produce recombinant glycoproteins (Wacker et al. 2002) . In addition to N-glycosylation, PglB also releases free oligosaccharides (fOS) into the periplasm in response to changes in the osmotic environment and bacterial growth phase (Nothaft et al. 2009) .
The N-glycosylation pathway has been identified in an increasing number of bacteria (Jervis et al. 2012; Nothaft et al. 2012) . For yet undetermined reasons, the pathway is exclusive to the epsilon and delta classes of Proteobacteria. The pgl gene orthologues are conserved in all Campylobacter species sequenced to date (Nothaft et al. 2012) , the delta-proteobacterium Desulfovibrio desulfuricans (Ielmini and Feldman 2011) , and in the epsilon-proteobacteria Wolinella succinogenes (Baar et al. 2003) , Sulfurovum sp., Nitratiruptor sp. (Nakagawa et al. 2007 ) and certain Helicobacter species (Jervis et al. 2010) . The N-glycosylation pathway has not yet been demonstrated to be functional in all of these organisms, but they each possess the key enzyme, PglB (Mills et al. 2016; Ollis et al. 2015) . Therefore, it is predicted that these bacteria also Nglycosylate their proteins.
The PglB of C. jejuni (Cj-PglB) is the best studied bacterial OTase to date. It is an 82 kDa single-subunit OTase which shares sequence similarity and structural organization with the STT3 subunits of eukaryotic OTase complexes (Szymanski and Wren 2005) . It comprises 13 predicted hydrophobic N-terminal transmembrane domains spanning the periplasmic membrane and a soluble Cterminal domain oriented toward the periplasmic space (Li et al. 2010) .
All OTase orthologues in all three domains of life have the signature WWDXG motif (where X is Y or W) shown to be necessary for Cj-PglB activity (Wacker et al. 2002) . The crystal structure of the full length PglB of Campylobacter lari (Cl-PglB) has been solved and has revealed that the side chains of the serine or threonine at the +2 position of the acceptor consensus sequence interact with those of the WWD residues to form stable hydrogen bonds resulting in acceptor sequon binding (Lizak et al. 2011) . A crystal structure of the soluble C-terminal domain was previously determined for the closely related homolog Cj-PglB, and structural comparisons with the archaeal AglB revealed a conserved Ile 571 within an MXXI motif (Maita et al. 2009 ). Based on the proximity of the isoleucine residue to the bound peptide or protein acceptor substrate, the isoleucine residue in homologous proteins has been proposed to provide contact with the +2 Thr to aid in protein binding and/or recognition (Lizak et al. 2011) .
Here, we identified and analyzed amino acids that are important for the function and/or structure of Cj-PglB. Analyses of available crystal structures and sequence alignments identified a DGGK sequence located in close proximity to the WWDXG motif. The DGGK motif is highly conserved in all campylobacter PglB proteins and is present in at least one PglB orthologue for species that contain two PglB enzymes. We show that specific PglB mutations in D and K influence N-glycosylation and fOS hydrolytic activity and that predicted conformational changes induced by the binding of the lipid-linked oligosaccharide (LLO) are altered by introducing amino acid exchanges in the DGGK motif. We further demonstrate that orthologues containing a DGGK motif are functional in N-glycan transfer but that the presence of DGGK alone is not sufficient to establish PglB activity in orthologues that are lacking the motif.
Results
Functional analysis of C. jejuni DGGK points mutants in E. coli (Wacker et al. 2002) . In silico analysis further demonstrated that the DGGK motif is conserved in all Campylobacter species (Figure 2 . Western blotting with HA-tag specific antibodies showed that the introduction of the point mutations had no effect on PglB expression levels when compared to the wildtype PglB protein ( Figure 3A ). Since whole cell lysates of E. coli expressing PglB-HA proteins were examined, the HA signal in the higher molecular weight range that is present in all preparations, including the vector control, is due to unspecific binding to an E. coli protein. To analyze PglB activities, we expressed the various pglB alleles in E. coli CLM24 in the presence of pACYC184(pgl mut ) and pWA2 encoding the soluble form of the His 6 -tagged C. jejuni-N-glycosylation acceptor protein Cj-CmeA. Wildtype PglB (expressed from pMAF10) or inactive PglB (WWDYG to WAAYG, expressed from pWA1) served as positive and negative controls, respectively. PglB activities were determined by analyzing the glycosylation status of purified Cj-CmeA-His 6 by western blotting using His 6 -Tag-specific and C. jejuni-N-glycan-specific antibodies ( Figure 3A ) followed by densitometric analysis of the Cj-CmeA-specific signals of the antiHis 6 western blot ( Figure 3B ). Loss of Cj-CmeA glycosylation was observed with the double mutations AGGA, VGGV, KGGD and the single amino acid substitutions D475K and D475V. The single point mutations D475A, K478V and K478A resulted in reduced Cj-CmeAHis 6 glycosylation when compared to the glycosylation pattern observed in the presence of wildtype PglB. This series of mutants shows that substitutions of D475 are less tolerated than K478.
Activity of PglB DGGK point mutants in C. jejuni and analysis of fOS production Next, we investigated PglB activities in the native host. We expressed the various pglB alleles in the C. jejuni pglB knock-out strain and analyzed the glycosylation status of native Cj-CmeA by western Hydrogen-bonding interactions (dashed red lines) involving the side chain carboxylate group of Asp475 are shown, indicating some of the structural constraints imposed by residues surrounding the DGGK motif. The numbers for the residues in the DGGK motif are given for C. jejuni, even though the structure that is shown is from C. lari. Note that the three-dimensional structure of PglB from C. jejuni is predicted to be very similar to that from C. lari due to the high level of sequence identity between the two homologous proteins. This figure is available in black and white in print and in color at Glycobiology online.
blotting using Cj-CmeA-specific antibodies (Figure 4) . Similar to what was observed in the heterologous E. coli system, expression of PglB K478A and K478V resulted in a reduction of Cj-CmeA glycosylation that was further reduced upon expression of PglB D475A. Expression of the PglB double mutations AGGA, VGGV, KGGD and the single amino acid substitutions D475K and D475V resulted in complete loss of native Cj-CmeA glycosylation. Complementation of pglB with wildtype Cj-PglB (positive control) led to restoration of CjCmeA glycosylation when compared to the wildtype strain whereas only non-glycosylated Cj-CmeA was observed upon expression of inactive PglB (WAAYG, negative control). To investigate whether the DGGK motif is also required for the hydrolytic activity of PglB, we followed the release of the N-glycan structure as fOS into the periplasm of C. jejuni. We applied semi-quantitative mass spectrometry to determine the fOS levels in normalized whole cell lysates of C. jejuni wildtype, pglB and pglB complemented with PglB D475V and K478V single point mutants ( Figure 5 ). The fOS amount obtained with the wildtype strain was used as the reference and set to 100%. No fOS could be detected in the pglB knock-out strain itself as well as in the presence of PglB WAAYG. Expression of the Cj-wildtype pglB allele in the pglB knock-out resulted in partial complementation of the fOS-negative phenotype, with levels at 50% when compared to the wildtype strain. Significantly reduced amounts of fOS levels were observed upon expression of PglB D475V and K478V. The fOS levels reached 11% and 20% when compared to the fOS levels produced in the pglB mutant complemented with the wildtype Cj-pglB allele. The decrease in the formation of fOS and therefore the reduction in PglB hydrolase activity was comparable with the reduction in PglB N-glycan transfer activity as determined above.
Limited proteolysis of PglB proteins suggests involvement of 475 DGGK 478 in substrate binding
To further investigate the possible involvement of the DGGK motif in either directly mediating substrate binding or affecting protein conformational changes related to substrate binding, we performed limited proteolysis experiments in the presence or absence of CjLLOs ( Figure 6 ). Cj-LLO and control extracts were prepared and characterized from E. coli expressing the C. jejuni pgl operon as described in Supplementary data, Figure S1 . Full length PglB proteins that migrate at around 70 kDa were readily degraded over the 60 min timeframe of the assay. Specific proteolytic fragments containing the C-terminal HA-tag were observed by western blotting after 10, 20, 30, 45 and 60 min of incubation with proteinase K followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. For wildtype PglB, the greatest change in the proteolytic digestion pattern in the presence of Cj-LLOs is an increase in resistance to proteolytic digestion for a fragment of~26 kDa, at longer digestion times of 45-60 min. In mutants K478A, K478V and D475A, the proteolytic digestion patterns are similar to the patterns seen for wildtype PglB. In contrast, in mutants D475V, D475K, AGGA, VGGK and KGGD, the degradation of the 26 kDa fragment at all time points did not appear to be affected by the presence of CjLLOs. Notably, for the mutant in which the highly conserved WWDYG motif is replaced by WAAYG, the 26 kDa fragment appears The presence and the glycosylation pattern of native Cj-CmeA protein in whole cell lysates of C. jejuni wildtype, pglB mutant and the pglB mutant expressing various pglB alleles was determined by western blotting with Cj-CmeA-specific antiserum. The glycosylation status of native Cj-CmeA is indicated on the right (0N, 1 N, 2 N refer to none-, mono-and diglycosylated Cj-CmeA, respectively). Relevant molecular weight markers (in kDa) are indicated on the left. Amounts of fOS released in C. jejuni wildtype, pglB and pglB complemented with various pglB mutant alleles (as indicated) was determined by semiquantitative mass spectrometry. Bars represent the mean calculated from values obtained from three independent biological replicates. Variations are indicated by error bars, the asterisks indicate a statistically significant difference in fOS amounts (P < 0.05) when compared to C. jejuni pglB mutant complemented with the wt-pglB allele.
to form more readily at early time points of 0-10 min in the presence of Cj-LLOs. No degradation of PglB proteins was observed over a 60 min timeframe in the absence of proteinase K (Supplementary data, Figure S2 ). Inspection of the three-dimensional structure of PglB suggests that the most likely cleavage site resulting in the formation of a 26 kDa C-terminal fragment lies in the loop immediately following the DGGK motif (Supplementary data, Figure S3 ). Cleavage between L480 and G481 would result in the formation of a 27.8 kDa fragment expected to migrate near the location of the 26 kDa band seen in SDS-PAGE. The other major C-terminal fragment (~45 kDa) produced by proteinase K is predicted to be produced by a cleavage event in EL5. For example, cleavage between F308 and N309 yields a 47.5 kDa fragment expected to migrate near the location of the 45 kDa band seen in SDS-PAGE.
Certain Campylobacter species possess two PglB orthologues
In a previous study, we identified three Campylobacter species that possess two PglB orthologues in their chromosome; C. curvus 525.92, C. concisus 13826 and C. gracilis RM3266 . A similar observation was made for certain Helicobacter species (Jervis et al. 2010) . Our in silico analysis revealed that in campylobacter, only one of these PglB orthologues possesses the conserved DGGK motif, whereas the WWDYG motif is conserved in both copies (Figures 7 and 8 ). To functionally analyze these pglB alleles we cloned and expressed the corresponding proteins from C. curvus and C. gracilis in the heterologous E. coli system in the presence of pACYC184(pgl mut ) encoding the Cj-glycosylation operon with an inactive PglB. The glycosylation status of the soluble version of the Cj-CmeA-His 6 , expressed from plasmid pWA2 served as a read-out for PglB activity ( Figure 9A ). Expression of the PglB-HA proteins was confirmed in E. coli whole cell lysates after western blotting with HA-tag specific antiserum. All PglB proteins migrate at approximately 70 kDa, although their calculated mass is >20% larger. The anomalous migration behaviorof proteins containing multiple transmembrane domains when analyzed by SDS-PAGE has previously been described and a more compact, incompletely unfolded conformation for full-length PglB-HA may explain in part a rate of migration that is higher than expected for a typical soluble protein (Rath et al. 2009 ). The additional HA-specific bands in the higher MW range observed for Cgr2013, Cgr0434 and Ccu1213 could either represent fully unfolded PglB protein that migrates at the correct theoretical mass or might be due to a combination of oligomerization and incomplete unfolding of the respective protein.
Western blot analysis of purified His 6 -tagged Cj-CmeA coexpressed with pACYC184(pgl mut ) and pWA1 (PglB WAAYG) led Fig. 6 . Limited proteolysis of PglB proteins in the presence and absence of LLO. C. jejuni PglB proteins (indicated above each panel) expressed in E. coli and enriched in CEF were subjected to proteinase K digestion after incubation with Cj-LLOs (+LLO) or a control preparation that does not contain LLOs (−LLO). Formation of proteolytic fragments over time (as indicated above each panel) was followed by western blotting with HA-specific antiserum. Fulllength PglB migrates at 70 kDa, relevant sizes of the molecular weight marker (MW in kDa) are indicated on the left of each figure panel.
Fig. 7.
Campylobacter species with two PglB orthologoues. Sequence alignment of PglB protein sequences from Campylobacter species that possess two PglB orthologues. The highly conserved WWDYG motif is indicated by a black bar; the region containing the DGGK sequence motif (either present or absent) is boxed. Highlighted in black are amino acids that are conserved in at least 50% of the sequences, grey highlighting indicates the presence of an amino acid with similar charge, white indicates no amino acid conservation at this position. Ccu, Campylobacter curvus (CCV52592_1221, A7GWV7; CCV52592_1213, A7GWW5); Ccon, Campylobacter concisus (CCC13826_0460, A7ZEU3; CCC13826_0452, A7ZET6); Cgr, Campylobacter gracilis (CAMGR0001_2013, C8PLK3; CAMGR0001_0434, C8PHI9). Multiple sequence alignments and figures were generated with ClustalW and BOXshade: http://www.ch.embnet.org/.
to the formation of purely non-glycosylated Cj-CmeA while expression of the Cj-wildtype pglB allele from pMAF10 resulted in the formation of three bands that corresponded to non-mono-and diglycosylated Cj-CmeA ( Figure 9A upper panel) ; only the two higher molecular weight signals reacted with the Cj-N-glycan-specific antiserum ( Figure 9A middle panel) . Expression of the PglB proteins from C. curvus and C. gracilis only resulted in the formation of glycosylated Cj-CmeA when the orthologue with the DGGK motif was co-expressed (i.e. Ccu1213 and Cgr2013) while only nonglycosylated Cj-CmeA could be observed upon co-expression of the Figure 1B for the active-site regions of (A) the crystal structure of the C. jejuni PglB peptide complex (PDB 3RCE) and (B) a model of the undecaprenylpyrophosphate-glycan donor that was manually docked into the active site by aligning the diphosphate moiety with the magnesium ion and the anomeric carbon of the diNAcBac residue with the side chain amide nitrogen atom of the Asn residue in the peptide acceptor. (C) The full GalNAc-αl,4-GalNAc-αl,4-[Glcβ1,3]GalNAcαl,4-GalNAc-αl,4-GalNAc-αl,3-diNAcBAc glycan structure is drawn. In panel (A), the residue numbering follows that for C. jejuni PglB, even though the structure that is shown is from the closely related PglB homolog from C. lari. This figure is available in black and white in print and in color at Glycobiology online. Fig. 9 . Functional analyses of PglB proteins from species with two PglB orthologues. (A) Functional analysis of PglB proteins in the heterologous E. coli system. The glycosylation pattern of purified Cj-CmeA proteins co-expressed in the presence of the C. jejuni protein glycosylation operon with an inactive PglB and various PglB proteins was determined by western blotting using His-tag specific (upper panel) and Cj-N-glycan-specific (middle panel) antisera. The glycosylation status of the Cj-CmeA protein is indicated on the right; 0N, 1N, 2N refer to non-, mono-, and di-glycosylated Cj-CmeA. In parallel, western blots using HA-tag specific antisera were performed to follow expression of the various HA-tagged PglB proteins (lower panel). Relevant molecular weight markers (in kDa) are indicated on the left. Cj-pglB mut , Cj-PglB with mutation in WWDYG; Cj-pglB, native Cj PglB; Cgr2013, PglB orthologue form C. gracilis with DGGK; Cgr0434, PglB orthologue form C. gracilis without DGGK; Ccu1213, PglB, orthologue form C. curvus with DGGK; Ccu1213, PglB, orthologue form C. curvus without DGGK. (B) Functional analysis of PglB proteins in the C. jejuni pglB mutant. The overall protein N-glycosylation pattern in whole cell lysates of C. jejuni wildtype (Cj-wt), pglB mutant (pglB-) and the pglB mutant expressing various PglB alleles (as indicated) was determined by western blots with Cj-N-glycan-specific antiserum. Relevant molecular weight markers (in kDa) are indicated on the left. (C) A functional DGGK is required but not sufficient for PglB activity. Functional analysis of PglB proteins in the heterologous E. coli system as described above using His-tag specific or Cj-N-glycan-specific antisera. Ccu1213, PglB orthologue form C. curvus with DGGK; Ccu1221, PglB orthologue form C. curvus without DGGK; Ccu1221 DGGK PglB, orthologue form C. curvus with DPGR to DGGK; Ccu1213 DGPR PglB, orthologue form C. curvus with DGGK to DPGR.
protein variant that does not possess the DGGK motif (i.e. Ccu1221 and Cgr0434). In parallel, western blot analyses carried out with anti-HA ( Figure 9A, lower panel) showed similar levels of expression of the various PglB proteins, indicating that the absence of glycosylation activity is indeed the result of the missing N-glycan transfer function of the tested PglB proteins.
Next, we investigated the N-glycosylation potential of these PglB proteins in the campylobacter system for their ability to complement the Cj-pglB mutant. Western blot analyses of whole cell lysates probed with N-glycan-specific antiserum ( Figure 9B ) revealed that N-glycosylation in whole cell lysates could only be observed in samples prepared from cells that express Cgr2013 or Ccu1213 in the Cj-pglB mutant background. No glycosylation activity could be determined upon expression of Cgr0434 and Ccu1221 (that do not have the DGGK motif) as evidenced by the lack of N-linked glycoproteins similar to the complementation with the inactive Cj-pglB allele. It is worth mentioning that we could not detect fOS in extracts of the Cj-pglB mutant complemented with active Cgr2013 or Ccu1213 (results not shown) indicating that the levels of fOS were either below our detection limit or that PglB enzymes from other Campylobacter species do not hydrolyze the Cj-glycan from the lipid-linked-N-glycan LLO intermediates, although fOS is naturally produced by these species (Nothaft et al. 2012 ).
Replacement of DGGK alone is not sufficient to restore PglB activity in C. curvus 1221
We next wanted to investigate if PglB functionality of Ccu1221 can be restored by introducing the DGGK motif into the correct position within the protein. We also did the opposite experiment replacing the functional DGGK motif in Ccu1213 with the Ccu1221 DPGR motif. Functional analysis of the Ccu1221 (DPGR to DGGK) and the Ccu1213 (DGGK to DPGR) PglB proteins after co-expression with the inactive Cj-pgl operon (pACYC184(pgl mut )) and the soluble Nglycan acceptor Cj-CmeA-His 6 in E. coli ( Figure 9C ) indicated that Ccu1213 (DGGK to DPGR) is still able, albeit with lower efficiency, to N-glycosylate the Cj-CmeA-His 6 protein ( Figure 9C ), whereas for Ccu1221 (DPGR to DGGK) only one band that corresponded to non-glycosylated Cj-CmeA-His 6 was observed similar to the inactive Cj-PglB (WAAYG) allele, as well as the native form of Ccu1221. In contrast, non-, mono-and di-glycosylated Cj-CmeA-His 6 proteins were detected in western blots with anti-His 6 -specific antiserum ( Figure 9C , upper panel) and N-glycan-specific antiserum ( Figure 9C , lower panel) upon co-expression of the Cj-PglB wildtype allele, Ccu1213 and Ccu1213 (DGGK to DPGR).
Discussion
N-linked protein glycosylation is present in all domains of life where several prominent similarities and differences in the pathways are found. The defining event is the catalytic transfer of a glycan moiety onto a protein acceptor catalyzed by the OTase. Comparison of the processes provides further understanding of the distinct properties of the OTases. The archaeal aglB and bacterial pglB genes share sequence similarity with the STT3 gene that encodes the largest subunit of the eukaryotic OTase complex, where a conserved WWDXG motif can be found within the soluble C-terminal domain (Wacker et al. 2002; Yan and Lennarz 1999) .
A structure-guided sequence alignment that included the yeast STT3 and the archaeal P. furiosus AglB sequences revealed a 571 DXXK 574 sequence (DINK in yeast STT3, and DWAK in P. furiosus) rather than the more defined ε-proteobacterial DGGK motif that was demonstrated through mutagenesis studies to be essential for OTase activity in yeast (Igura et al. 2008) . The 2.8 Å resolution crystal structures of the C-terminal globular domains of Cj-PglB and P. furiosus AglB were compared and revealed that the counterpart of the DWAK sequence in AglB actually corresponds to 568 MXXI 571 in PglB, and that OTase activity in vitro was reduced resulting from an I571A substitution (Maita et al. 2009 ). In addition, a highly conserved aspartic acid exists in the first loop of the transmembrane region in the OTases from all domains of life (residue 54 in Cj-PglB) and alanine mutations of residue D54 in Cj-PglB resulted in nearly complete loss of PglB activity in vitro (Maita et al. 2009 ). The crystal structure of the full-length Cl-PglB provides a molecular explanation for the requirement of a Ser or Thr residue at the +2 position of the consensus sequence for N-linked glycosylation (Lizak et al. 2011 ). The peptidebound structure of PglB reveals that the β-hydroxyl group of the +2 Thr forms hydrogen bonds with each of the side chains of the WWD residues. The structure also shows that I571 provides contact with the +2 Thr, but since the Ile within the MXXI motif is not conserved in all STT3 homologs, the interactions seen with Ile are either not essential or can be replaced by interactions with other residues. Other studies have investigated that the importance of specific amino acid residues in the PglB protein with the goal to learn more about the function of the protein or to change and potentially improve PglB function with respect to glycoengineering in the heterologous E. coli system (Jaffee and Imperiali 2011; Ihssen et al. 2012 Ihssen et al. , 2015 Kampf et al. 2015) . In this study, analyses of available crystal structures and alignments of PglB sequences from multiple Campylobacter species revealed a second conserved 475 DGGK 478 sequence. In the Cj-PglB, this sequence motif is located 12 amino acids downstream of the conserved WWDXG motif. Site-directed mutagenesis of the D and K amino acids was carried out to show the importance of these residues with respect to OTase and hydrolase function. Alanine substitutions of D475 and K478 in the Cj-PglB showed a minor decrease in glycosylation activity compared to wildtype PglB. Single valine substitutions of the D475 and K478 residues in PglB resulted in reduced glycosylation efficiency of D475V, but not K478V in the heterologous E. coli host, indicating that introducing a branched and larger hydrophobic residue in place of D475 was more disruptive than replacing K478 with a branched, hydrophobic residue. The effects of alanine and glutamate substitutions at the D and K residues in the DGGK motif of Cj-PglB were previously analyzed using an in vitro glycosylation assay (Jaffee and Imperiali 2011) . D475 was implicated in PglB function, since a significant reduction in activity was observed when D475 was replaced with alanine. Our results indicate that the double alanine or double valine mutations at both the D and K sites result in the complete loss of Cj-CmeA glycosylation, an effect more drastic than the single D475 substitution. Our data also suggest that both, the D and the K, residues are important for the N-glycosylation activity of PglB. The introduction of hydrophobic residues in place of both D475 and K478 potentially destabilizes the structure of the DGGK loop more than a single-site mutation, with the effect being more pronounced for the D475V mutation. In addition, we show that the same mutations that adversely affect the N-glycosylation activity of PglB in the heterologous E. coli system and in the native C. jejuni host also led to a decrease in the hydrolase activity of C. jejuni PglB and subsequently in the production of lower amounts of fOS (Nothaft et al. 2009 ).
The PglB crystal structures from C. lari and the soluble C-terminal domain of C. jejuni, together with a homology model of full-length PglB from C. jejuni reveal that the 475 
DGGK
478 motif is located directly next to the highly conserved WWDYG motif (Figure 1 ). In addition, the DGGK motif is near the active-site divalent cation modeled as magnesium ion according to the prediction of Lizak et al. (2011) and the side chain of the Asn residue of the peptide acceptor substrate. The carboxylate group in the side chain of D475 accepts hydrogen bonds from the backbone amide groups of the highly conserved G476 and G477 residues; the carboxylate group also appears to accept hydrogen bonds from the side chain hydroxyl group and guanidino group of the highly conserved Y462 and R465 residues, respectively. The D475V and D475A mutants of C. jejuni PglB showed nearly complete loss of activity, presumably in part because of a disruption of the hydrogen-bonding network formed by the carboxylate group in the side chain of D475. Replacing D475 with lysine in the D475K single and KGGD double mutants also led to a loss of activity that is consistent with charge repulsion between the positively charged lysine side chain and R465, as well as the loss of other stabilizing interactions normally formed by the carboxylate side chain. Even though the specific functional role of the DGGK motif in PglB catalysis is not known at this time, the proximity of the motif to the WWDYG motif, the active-site divalent ion and the peptide acceptor asparagine side chain all suggested a possible role in binding the donor glycan. Limited proteolysis data provide additional support for the involvement of this motif in donor glycan binding. Most significantly, the protection of the 26 kDa C-terminal fragment to proteolytic digestion by LLOs in all of the enzymatically active PglB mutants indicates that LLO binding likely stabilizes interactions between the watersoluble C-terminal domain and the N-terminal transmembrane domain. The fact that the in vivo PglB activities for the various DGGK mutants can be correlated to the stability of this 26 kDa fragment further suggest that certain DGGK mutants are no longer able to bind the substrate efficiently. Somewhat related to these observations, the cleavage site leading to the formation of the 26 kDa fragment appears to be more accessible to proteinase K in the WAAYG mutant relative to the wildtype enzyme containing the WWDYG motif. In the folded structure of PglB, the WWDYG motif is adjacent to the loop consisting of residues 474-485, which includes the 475 DGGK 478 motif and the putative cleavage site between residues L480 and G481 leading to the formation of the 26 kDa fragment. Disruption of the highly conserved WWDYG motif's interactions with the adjacent loop may account for the increased sensitivity of the loop to proteinase K digestion. To help further explore the structural basis of LLO-dependent effects on protease sensitivity, we have constructed a model of the undecaprenylpyrophosphate glycan and docked it into the active sites of C. lari PglB and the homology model of C. jejuni PglB. These models indicate that the di-N-acetylbacillosamine (diNAcBAc) residue lies within 3-4 Å of G477, and the side chain of Y462 that forms a hydrogen bond with the carboxylate side chain of D475 is also positioned close enough to directly interact with both the diNAcBac residue and the α(1-4)-linked GalNAc residue. These models suggest that the DGGK motif either directly interacts with residues in the donor glycan or affects the conformation of nearby residues that in turn interact with the donor glycan. These models are also consistent with previously reported data from Jaffee and Imperiali (Jaffee and Imperiali 2011) indicating that increasing the concentration of the polyprenyldiphosphate glycan donor partially compensated for the loss of activity seen in the D475A and D475E mutants, as well as recently reported molecular dynamics simulations of substrate complexes formed with PglB (Sun Lee and Im 2017) . These models may also help to explain why all members of the Campylobacter genus form diNAcBac-GalNAc at the reducing terminus of their oligosaccharide and show divergence of structure beyond the second sugar (Nothaft et al. 2012 ).
Our observation that PglB orthologues in which DGGK is replaced by DPGR (C. curvus and C. concisus) and DPGGR (C. gracilis) lack glycosylation activity prompted us to investigate how changes in this motif may affect the structure of PglB. Homology models of these orthologues suggest that the aspartate residue adopts the same position, and the replacement of the first glycine with proline is not expected to significantly affect the structure of the motif or nearby residues (Supplementary data, Figure S4) . The homology models also suggest that the replacement of the lysine residue with arginine or the insertion of an extra glycine and replacement of lysine with arginine are unlikely to perturb the global structure or folding of PglB significantly, because this motif is mostly exposed to solvent and these changes are thus not expected to affect the folding or conformation of other parts of the structure. Instead of these variations in structure and sequence affecting the overall PglB fold, it seems more likely that the compact structural motif created by these four or five residues forms a portion of the binding site for the donor glycan, in combination with residues from the extended EL1 loop and perhaps also the extended EL5 loop. Although EL5 is partially disordered in the crystal structure of PglB that was determined in the absence of the donor glycan, it is positioned near where the donor glycan is expected to be, and therefore is predicted to interact with and stabilize the donor glycan prior to glycosyl transfer Lizak et al. 2014; Sun Lee and Im 2017) . Since the DGGK motif likely combines with nearby residues from loops EL1 and EL5 to form the majority of the binding site for the acceptor glycan, we predict that the activity of the inactive PglB enzymes from C. curvus, C. concisus and C. gracilis may only be rescued if adjacent portions of loops EL1 and EL5 were also modified in addition to the sequence of the DGGK motif.
In summary, our results indicate that the DGGK motif plays an important role for PglB activity. However, the presence of the DGGK motif alone, although in combination with other necessary sequence motifs (like WWDYG) that have been shown to be required for PglB activity, is not sufficient for the generation of a functional OTase. This and other studies have used the known structural and sequence requirements of bacterial OTases not only to identify and study additional PglB proteins (Mills et al. 2016; Ollis et al. 2015) , but also (using targeted and non-targeted approaches in combination with novel high throughput assays) to identify and to study amino acid residues and motifs necessary for the interaction of PglB with the protein acceptor, its glycosylation site preference or the LLO donor (Ihssen et al. 2012 Ollis et al. 2014) . These studies have already helped to understand protein function in more detail and demonstrated that it is possible to change PglB substrate specificities for the generation of novel glycoconjugate vaccines. We now describe a conserved DGGK structural motif in the PglB OTases of the Campylobacter genus that is necessary for N-linked glycoprotein production and fOS release. We predict this motif is involved in binding of the donor undecaprenyl-pyrophosphate glycan substrate and is therefore required for OTase activity. Unlike in eukaryotes where duplicate STT3 enzymes play a supporting role for N-glycosylation, the reason inactive PglB enzymes are maintained in several Campylobacter and Helicobacter species remains to be resolved.
Materials and Methods

Bacterial strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Table I . Escherichia coli strains were grown in Luria-Bertani (LB) broth or on LB agar plates. Campylobacter jejuni NCTC 11168 strains were grown on Mueller Hinton (MH, Difco) agar plates under microaerobic conditions (10% CO 2 , 5% O 2 , 85% N 2 ) at 37°C for 18 h. Campylobacter curvus and Campylobacter gracilis were grown on BHI agar supplemented with 5% horse blood under anaerobic conditions. Ampicillin (100 μg/mL), chloramphenicol (25 μg/mL), kanamycin (25 μg/mL), trimethoprim (25 μg/mL) and tetracycline (25 μg/mL) were added to the medium as needed for selection.
Construction of plasmids
Amino acid substitutions in the pglB genes were generated using oligonucleotides listed in Table II . For the C. jejuni pglB, the single point mutants D475V and K478V were introduced using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) with plasmid pMAF10 as template. All remaining Cj-pglB mutations were introduced following a modified three-piece ligation method described by Kato et al. (2009) . Two polymerase chain reaction (PCR) fragments of the pglB Cj gene were amplified using Pfx polymerase (Invitrogen) with pMAF10 as template. The N-terminal fragment of pglB Cj was amplified using oligonucleotide pglBBamHI-F with each of the oligonucleotides carrying the amino acid substitutions within the DGGK motif: D475A, K478A, D475K, AGGA, VGGV and KGGD. The C-terminal fragment of pglB Cj was amplified using oligonucleotides pglB-C1-F and pglBHAKpnI-R. The Nterminal and C-terminal pglB fragments were digested with EcoRI and KpnI, respectively, to generate blunt-ended PCR products that were cloned in the same sites of the pMLBAD empty vector.
Genes encoding C. gracilis and C. curvus PglB orthologous proteins were PCR amplified from chromosomal DNA of the respective strain with oligonucleotides (also see Table II ) CCV52592_1213-NcoI-F and CCV52592_1213-HindIII-R, for C. curvus 1213; CCV52592_1221-NcoI-F, CCV52592_1221-HindIII-R for C. curvus 1221; Cg0434-F-NcoI, Cg0434-R-PstI, for C. gracilis 0434 and Cg2013-F-NcoI, Cg2013-R-PstI for C. gracilis 0434, introducing an HA-Tag sequence at the 3′ end of each pglB gene. For expression in E. coli obtained PCR products were digested with NcoI and HindIII (for C. curvus pglB alleles) or with NcoI and PstI (for C. gracilis pglB alleles) and ligated into plasmid pMLBAD digested with the appropriate enzymes. Positive candidates containing the desired pglB allele were verified by restriction analysis and DNA sequencing. To generate the DPGR to DGGK mutation in Ccu1221, two PCR fragments were generated using the Ccu1221-pMLBAD derivative as a template with the oligonucleotide combinations CCV52592 1221-NcoI, 1221_DGGK-R-P and 1221_DGGK-F-P (introducing the DGGK mutation) plus CCV52592_1221-HindIII-R. To generate the DGGK to DPGR mutation in Ccu1213, two PCR fragments were generated using the Ccu1213-pMLBAD derivative as a template with the oligonucleotide combinations CCV52592 1213-NcoI-F with 1213_DGPR-R-P and 1213_DGPR-F-P (introducing the DGPR mutation) with CCV52592_1213-HindIII-R. The PCR fragments were generated using Pfx polymerase and the subsequent three arm ligation (Kato et al. 2009 ) was carried out using the NcoIdigested N-terminal and the HindIII-digested C-terminal PCR products together with pMLBAD cut with NcoI-HindIII. Plasmids from clones obtained after transformation were verified by restriction analysis and DNA sequencing. For the C. jejuni NCTC 11168 pglB mutant complementation assays, pglB alleles were amplified by PCR with oligonucleotides pglBBamHI-F and pglBXhoI-HA-R using Vent polymerase (New England Biolabs) and the respective pMLBAD derivative as as template. PCR products were digested with BamHI and XhoI (or by digestion with BamHI only if an internal XhoI site was present in the pglB allele) and subcloned into the C. jejuni-E. coli shuttle vector pCE111-28 treated with the same enzymes (or with BamHI-EcoRV if an internal XhoI site was present in the pglB allele). Plasmids obtained after transformation of E. coli DH5alpha (Table I) were confirmed by restriction analysis. E. coli pRK212.2 was transformed with positive shuttle-plasmid candidates. Shuttle plasmids expressing the various pglB alleles were mobilized from E. coli pRK212.2 into C. jejuni NCTC 11168 as described (Labigne-Roussel et al. 1987; ).
Expression of PglB proteins in E. coli and purification of Cj-CmeA-His 6 Escherichia coli CLM24 expressing the C. jejuni protein glycosylation locus from pACYC184(pgl mut ), the soluble form of the C. jejuni glycoprotein Cj-CmeA-His 6 , and each of the pglB alleles from the pMLBAD derivative were grown at 37°C to an OD 600 of 0.5-0.6. After induction with 0.2% L-arabinose (wt/vol) for 4 h, cells were harvested by centrifugation (3696 × g, 15 min, 4°C), and washed twice with chilled phosphate-buffered saline (PBS) pH 7.2. Whole cell lysates were prepared by re-suspending the cells in 1/50 of the original culture volume of PBS, pH 7.2 followed by sonication (3 × 1 min) with a Branson sonicator equipped with a microtip. After removal of unbroken cells by low-spin centrifugation (16,260 × g, 20 min, 4°C) PglB proteins in the supernatant were visualized by western blotting using HA-tag specific antibodies. Cj-CmeA was purified from the same whole cell lysates by nickel affinity chromatography (NTA agarose, Qiagen) as follows. After equilibration of the resin with PBS, whole cell lysates containing CjCmeA-His 6 protein were loaded. The resin was then washed with 10 column volumes of 1 × PBS with 20 mM imidazole to remove unspecific bound protein. Cj-CmeA proteins were eluted with 1 × PBS with 500 mM imidazole, dialyzed against 1 × PBS and stored at 4°C. The glycosylation status of purified Cj-CmeA-His 6 protein was analyzed by western blotting using Cj-CmeA-specific and C. jejuni-N-glycan-specific antibodies.
